Innovative wastewater treatment systems are needed for removing nutrients, noxious odors, dissolved organic matter, and pathogens from high strength agricultural and processing wastewater. A novel reciprocating subsurface-flow constructed wetland, consisting of four cells totaling 3570 m 2 (1.5 m deep), has been treating anaerobic lagoon wastewater from a commercial-scale confined swine feeding operation since November, 2000. The system, located near Aliceville, Alabama, has been monitored for twenty-one months. Hydraulic loading rates (HLR), from the anaerobic lagoon to the wetlands treatment system averaged 107 and 208 m 3 /day for years I and II respectively.
INTRODUCTION
Continued growth and regional concentration of confined animal feeding operations (CAFO's) in the United States have contributed to surface and groundwater pollution, noxious odors, and nutrient enrichment of major ecosystems (Rudek 2001) . Furthermore, recent studies indicate significant volatilization of ammonia to the atmosphere from confined livestock waste treatment lagoons (Aneja et al 1999) . As a result of these chronic problems, owners and operators of confined livestock facilities are being encouraged to adopt innovative technologies and best management practices to reduce environmental impacts. The anaerobic lagoon stores and anaerobically pretreats wastes from an eight barn swinefinishing facility (750 swine/barn). Treated effluent exiting the wetland treatment facility is stored in the CWR and can either be returned to the anaerobic lagoon, used to spray irrigate 7 ha of coastal Bermuda grass and small grains, or used to flush the swine production barns. Barns are a slotted floor design over pit-storage (265 m 3 / barn). Pit storage wastewater is drained to the lagoon on a weekly basis (1-2 barns per day), and refilled with 151 m 3 of water from the clean water reservoir. Prior to the demonstration, lagoon wastewater was used to recharge the pit storage areas which contributed to significant odors in the barn and in the exhaust air.
Wetland cells had an active depth of 2.1 m and were backfilled with three grades of gravel, in layers, to a depth of 1.5 m. The additional 0.6 m freeboard provided storage capacity to accommodate extreme rainfall events. It should be noted that the wetland treatment system was not seeded with any special microbial consortia, but was populated by endemic microbial populations introduced via gravel, native soil, air-borne deposition, and from populations existing in the anaerobic lagoon wastewater.
The wetland ReCip® process (Behrends et al. 2001 ), involves continuously pumping wastewater back and forth between adjacent cells such that each cell is partially drained and refilled on a two hour cycle. This novel vertical-flow design provides controlled aeration of the backfill substrate (various size-grades of river rock), and exposes the rock's surface biofilms to atmospheric oxygen. During the "drain phase" of the cycle, atmospheric oxygen rapidly aerates the exposed biofilm and allows enhanced oxidation of ammonia, odors, and organic matter. During the past eighteen months, high strength anaerobic wastewater has been pumped into the first cell of the wetland system at two hour intervals at hydraulic loading rates totaling either 107 or 208 m 3 /day.
Monitoring of Treatment System and Water Quality
Flow of anaerobic wastewater to the wetland treatment system has been monitored on a daily basis with an ultrasonic totalizing flow meter (Badger Meter Inc.). Electrical demand has also been monitored to provide operational cost estimates. Beginning in February 2001, whole column water samples (1000 ml/location), were collected every 2-8 weeks from the anaerobic lagoon, wetland cell 2 and 4 and the CWR. Wetland cells were equipped with 15 cm vertical slotted pipe to facilitate collection of whole column water samples. Water samples were collected at approximately 1200 to 1400 hours. Each water sample was split into paired 100 ml Nalgene bottles; one subsample was acidified with H 2 SO 4 . All samples were stored on ice, and transported to TVA's Analytical Laboratory in Muscle Shoals, Alabama where they were processed according to Standard Methods (APHA 1998), or respective vendor's methods for COD (Hach), and pathogens (IDEX Inc.). Analyses were performed to determine chemical oxygen demand (COD), five-day carbonaceous biochemical oxygen demand (CBOD 5 ), total ammonia nitrogen (TAN), nitrate nitrogen (NO 3 -N), total kjeldahl nitrogen (TKN-N), ortho-phosphorus (PO 4 -P), total phosphorus (TP) and microbial pathogen indicators, such as E. coli. Temperature, dissolved oxygen (DO), pH, redox potential and conductivity were monitored on-site with water quality sondes (Yellow Springs Instruments, Yellow Springs, Ohio).
RESULTS AND DISCUSSION

Water Flow Rates and Electrical Use
For the duration of monitoring (February 2001 to November 2002), treatment volume of anaerobic wastewater averaged 107 and 208 m 3 /day (300 m 3 /ha/day and 583 m 3 /ha/day), for Year I and Year II respectively; electrical usage averaged 203 and 234 kWh/day for Years I and II, respectively. Electrical use included intermittent operation of two 5 hp centrifugal pumps for wastewater pumping and post-treatment irrigation, and twelve 1.5 hp axial flow pumps (Carry, Inc., Munger, MI), for moving water back and forth between ReCip® cells. Operating electrical cost estimates, based on $0.075 / Kwh and average use of 220 kWh/day are equivalent to $495/month ($5940 /year). Although flow throughput nearly doubled during the second year, electrical use only increased by 13%, since the reciprocation cycle time was held constant, and the only electrical operations that changed were due to increased pumping from the anaerobic lagoon and increased pumping due to irrigation and barn water recharge.
Water Quality
Mean water quality values for a commercial-scale ReCip® System are summarized in Table 1 . 
The significant drop in total alkalinity and conductivity was probably influenced by removal of ammonia, off gassing of CO 2 and precipitation of iron and carbonate compounds. pH dynamics were likely influenced by nitrification (an acid producing process), off-gassing of CO 2 in wetland cells, and subsequent photosynthetic uptake of remaining CO 2 by phytoplankton in the CWR. The progressive increase in D.O. observed in cells 2 and 4 resulted from the combined effects of CBOD 5 removal and passive aeration resulting from reciprocation. The significant increase in dissolved oxygen (D.O.), in the CWR was influenced by algal photosynthesis.
Wastewater Treatment and Water Quality Dynamics
Average influent, midpoint, and effluent concentrations, and treatment efficacies for six parameters are summarized in Table 2 (Year I), and Table 3 (Year II). Wastewater treatment efficiency was influenced by sample date (elapsed time), sample location and in several instances, seasonal temperatures. During both years the treatment system removed significant amounts of organic matter and nitrogen compounds, but very little phosphorus (see removal rates, ton/ha/year, Tables 2 and 3 ).
Graphical trends in treatment efficacy (Figures 2 through 5) , revealed an apparent acclimation period, strong seasonal influences for certain parameters, and marginal increases in treatment efficacy over time. There were also short term impacts to water quality due to doubling of the wastewater influent volume. Monitoring data revealed that, in most instances, it was possible to double the treatment volume (and pollutant loadings), with only a temporary reduction in treatment efficacy. To date, the system has operated with few problems. With doubled treatment volume, the first treatment cell is beginning to accumulate bacterial biosolids and chemical precipitates, but there has been no perceived impact on effluent water quality. Future wetland cell designs should provide in-cell sparging and settling areas for collection and removal of biosolids.
Removal Dynamics of CBOD 5 and COD Loading rates of wastewater COD and CBOD 5 (kg/ha/day) into the wetland system averaged 425 and 162 kg/ha/day respectively during year I, and 763 and 283 kg/ha/day respectively during year II. This is approximately 4-7 times the loading rate recommended for conventional surface-flow wetlands for treating animal wastewater (Payne Engineering and CH2M Hill, 1997). On an area basis, the wetland portion of the treatment system removed 301 and 563 kg/ha/day of COD during years I and II respectively; and 127 and 217 kg/ha/day of CBOD5 during years I and II respectively (Table 2 and 3). For both COD and CBOD 5 , major reductions of these constituents occurred within the first two treatment cells (Figure 2 and 3) ,. This is consistent with first-order removal processes, which are concentration dependent. Also noteworthy, was the downward trend of CBOD 5 and COD in the anaerobic lagoon (Figure 2 and 3) . These trends may have resulted from returning highly nitrified and treated wastewater back into the anaerobic lagoon and the pit-storage areas. In such instances, microbial denitrification requires a labile organic carbon source (electron donor). Thus as nitrate-nitrogen (50-250 mg/L), was returned to the lagoon and pit storage areas, the nitrate was reduced to gaseous nitrogen compounds, and organic carbon was oxidized and consumed in the process. 
Ammonia and Nitrate Dynamics
The treatment system provided considerable removal of nitrogen compounds. Figures 4 and 5 illustrate dynamics for nitrate and total ammonia nitrogen (TAN), respectively. As with COD and CBOD 5 , nitrogen compounds were removed as a function of sampling time and location. As the microbial fixed-film community matured, removal of ammonia and nitrate improved dramatically, with the majority of the removal taking place in the first two cells. Figure 4 illustrates that nitrate concentrations during Year I continued to increase in the wetland and CWR during the period March through May, 2001. The rapid appearance of nitrate resulted from high rate nitrification and limited denitrification. Removal of nitrate via denitrification in the ReCip ® wetlands may have been impaired initially for several reasons: low seasonal temperatures, low densities of denitrifying bacteria, and suboptimal levels of organic carbon. Nitrate concentrations in the wetlands began declining in mid-May and continued to decline through September. Enhanced removal rates were consistent with an increasing population of denitrifiers, additional organic matter, and more optimum temperatures during this period of the year. Nitrate concentrations in the wetlands began increasing again in November, which is consistent with declining temperatures and a strong denitrification-temperature-dependence. It is also notable that there was no perceptible increase of nitrate in the anaerobic lagoon during the entire monitoring period.
During the first year, ammonia removal was correlated with a significant increase in nitrate in the ReCip ® wetlands due to high rate nitrification and limited denitrification (Figures 4 and 5) . After system acclimation (4-6 months), removal of NH 4 -N in wetland cells did not seem to be appreciably influenced by temperature. Removal rates were still high during the months of December and January (Year I), when water temperatures averaged 16.6 and 9.5 degrees C, respectively. Ammonia loading rates into the system, based on daily flow rate and concentration data, averaged 111 and 216 kg/ha/day for Year I and II respectively. These ammonia loading rates are approximately 10-36 times higher respectively for years 1 and 2, than rates recommended for surface-flow wetlands (Payne Engineering and CH2M Hill 1997). Using respective flow rate and concentration data, ammonia removal rates averaged 84 and 91 percent for Years I and II respectively. These high loading rates and respective removal rates validate the unique ability of ReCip® wetlands to provide sufficient oxygen for high rate nitrification.
Based on mass balance calculations, the wetland system removed approximately 93 and 198 kg/ha/day (34 and 72 tons/ha/year) of ammonia-nitrogen. These estimates are conservative as they do not account for evapotranspiration or the additional ammonia released from organic-bound nitrogen (TKN). Ammonia volatilization was not monitored, but was considered to be negligible in the wetland system based on apparent high nitrification rates and pH regimes which would tend to minimize volatilization (pH in cells 2 and 4 averaged 7.2 and 7.3 respectively, Table 1 During Year II monitoring, nitrate concentrations increased temporarily following a neardoubling of the influent flow rate; subsequently the nitrate concentration was reduced to levels < 10 mg/L. During both years, when nitrate-rich effluents, were discharged to the carbon rich lagoon and pit storage areas, nitrate concentrations declined to levels ranging from non-detect to 3 mg/L (Tables 2 and 3, Figure 4 ). Lagoon and pit storage areas provide near optimum environments for denitrification, and in the process can remove a significant amount of organic matter.
Ortho-P Removal Dynamics
Phosphorus removal was excellent initially (>90%), but decreased dramatically with time ( Figure 6 ). In most gravel-based wetland systems, the removal mechanism is based on surface adsorption, which is a function of the chemical composition of the substrate, and has been estimated at 24-48 mg/kg for river gravel (Sikora et. al. 1994 ). Thus, as adsorption sites were filled, removal efficiencies were reduced concomitantly. If required, chemical precipitation of soluble reactive phosphorus with aluminum sulfate or ferric compounds could provide significant removal of phosphorus from the effluent stream. 
Odor Control
Preliminary odor assessments (subjective olfactory test), were conducted on several occasions by staff who collected wastewater samples from the anaerobic lagoon, Cell 2 Cell 4, and the CWR. Although odor was not measured with instrumentation, the human nose is very sensitive and can detect minor differences in odor. Odor of anaerobic lagoon wastewater was assessed as very strong and pungent and typical of anaerobic swine wastewater. However, samples from Cell 2, Cell 4 and the CWR had detectable reductions in strength and pungency. Assessors and farm laborers described the odor an weak and earthy-musty. It is surmised that many of the reduced volatile compounds that cause odor, such as ammonia, various amines, hydrogen sulfide, mercaptans, etc., were oxidized due to the aerobic nature of the ReCip ® system. On several occasions, workers at the farm commented that odor was less pungent in the barns flushed with the CWR than in barns flushed with water from the anaerobic lagoon. Reduced concentrations of odor compounds in the rearing facilities could conceivably improve work environment, growth environment, and feed conversion efficiency.
Microbial Indicator Dynamics
In the current study, E.coli removal ranged from 1-to 3-log reduction (Figure 7) , and averaged 2-log reduction (Figure 7 ). Significant sampling variation was influenced by wastewater management (barn flushing variation), and strength of wastewater as a function of biomass standing crop. Surfaceflow constructed wetlands have been documented to enhance removal of indicator bacterial pathogens such as E.coli. Hill and Sobsey (1998) , reported that a primarysecondary treatment system consisting of an anaerobic lagoon and a 2-cell surface-flow constructed wetland achieved average reductions of 2.9 to 4.8 log 10 for bacterial and viral indicators respectively There was progressive improvement with respect to removal of E.coli over time (see regression lines, Figure 7 ). This trend may result from continuing development of wetland biofilms and increases in population density of protozoan predators.
CONCLUSIONS
The integrated treatment system was simple, adaptable and relatively inexpensive to operate. The ReCip® system provided substantial removal of COD, CBOD 5 , odor, indicator microbial pathogens, TAN, TKN, and nitrate. While the system initially removed phosphorus quite effectively, removal efficiency declined progressively during the two year study. Monitoring will continue in the coming years, with continued emphasis on water quality, odor control, and pathogen removal. Efforts will also be made to monitor the rate at which solids and precipitates accumulate in the gravel-based treatment system, and to determine whether or not this accumulation significantly impacts treatment efficacy.
